In this study, we investigated the feasibility of a new process for the fabrication of Al-based composite coatings containing TiO 2 particles with high photocatalytic activity. In the first step of this process, AlTiO 2 composite coatings were electrodeposited in a dimethyl sulfone-aluminum chloride bath with suspended TiO 2 particles yielding Al-matrix composite coatings with uniformly dispersed TiO 2 particles. Subsequently, the electrodeposited Al-TiO 2 composite coatings were anodized in oxalic aqueous solution. Through this anodization step, the Al matrix was converted into an alumina layer with many nanopores extending from the surface of the coating toward the substrate. As a consequence, a porous alumina layer supporting TiO 2 particles was formed. The photocatalytic activity of the anodized composite coatings was confirmed to be higher than that of the as-deposited coatings.
INTRODUCTION
Aluminum coatings are well known to have excellent physicochemical properties, including high corrosion resistance, high conductivity, and low density, and are thus used in a wide range of industrial applications, from construction materials to electronic components. While various techniques are available for the preparation of Al coatings, electrodeposition is attracting growing interest because complex-shaped objects can be coated evenly, the deposition rate is relatively high, and the coating thickness can be easily controlled. Although the electrodeposition of Al is not feasible in aqueous solution, it is possible in certain non-aqueous media such as molten salts [1, 2] , organic solvents [3] [4] [5] [6] [7] [8] [9] , and ionic liquids [10] [11] [12] [13] [14] [15] [16] [17] [18] .
The electrodeposition of metal matrix composite coatings containing ceramic particles has been investigated with the aim of obtaining coatings with additional functionalities [19] . The enhancement of mechanical properties, such as hardness and wear resistance, by incorporating inert ceramic particles such as SiO 2 , Al 2 O 3 , and SiC has been extensively studied [20] . Composites containing TiO 2 particles are of great interest, because they exhibit not only improved mechanical properties [21] [22] [23] [24] , but also photocatalytic and photoelectrochemical behavior, by taking advantage of the excellent photocatalytic ability of TiO 2 [25] [26] [27] [28] [29] [30] . Al-TiO 2 composite coatings can be potentially used, for example, as high corrosion-resistance coatings having a photo-induced self-cleaning function. The photo-induced self-cleaning behavior of metal matrix composite coatings has already been demonstrated for Ni-TiO 2 coatings [27] .
However, simple composite coatings composed of a metal matrix and uniformly dispersed TiO 2 particles may not exhibit strong photocatalytic properties, as most of the TiO 2 particles in the coatings are enclosed by the metal matrix and cannot thus exert their photocatalytic activity. Only the particles exposed on the surface of the coating can catalyze reactions. One possible approach to enhance the photocatalytic activity of composite coatings is to make the matrix a porous one, so that reactants can be in contact with the TiO 2 particles located deep inside the coating. For Al matrices, a well-known anodizing process [31, 32] can be used to convert solid Al matrices into porous alumina layers. The typical porous anodic alumina layers grown from bulk aluminum comprise a hexagonal array of cells with cylindrical pores, with the cell walls composed of alumina. The pore diameter and interpore distance vary in the range of 10-400 nm and 50-600 nm, respectively, depending on the anodization conditions [31, 32] . If a porous structure is formed in the Al matrix of the composite by anodization, reactants should be able to reach the TiO 2 particles through the pores. Furthermore, unlike the Al metal, alumina exhibits transparency to UV light and, thus, UV light can also reach the TiO 2 particles inside the coating. Therefore, it is expected that the photocatalytic activity of Al-TiO 2 composites will be enhanced after anodization. However, to the best of our knowledge, the study on the anodization of Al-TiO 2 composites has not been reported.
Here, we propose a new process for the formation of Al-base composite coatings showing high photocatalytic activity. The process is summarized schematically in Fig. 1 . In this process, an Al-TiO 2 composite coating is electrodeposited, and then the coating is anodized to convert the Al matrix into porous alumina. In previous studies, we demonstrated the electrodeposition of Al in a dimethyl sulfone (DMSO 2 )-aluminum chloride system. Dense Al coatings can be electrodeposited in a DMSO 2 -AlCl 3 bath at ~110 °C with a current efficiency of >95% [3] [4] [5] [6] [7] [8] . The co-deposition of SiO 2 , SiC, TiB 2 , and BN particles with Al in DMSO 2 -AlCl 3 baths has also been demonstrated [33, 34] . In this study, we have prepared Al-TiO 2 composite coatings using a DMSO 2 -AlCl 3 bath with suspended TiO 2 particles. As for the Al matrix composites, some research groups have studied the anodization of composites containing ceramic (SiC, AlN, and Al 2 O 3 ) particles prepared by liquid metal infiltration and powder metallurgy methods [35] [36] [37] [38] [39] [40] with the aim to improve the corrosion resistance and wear resistance of the composites. These studies show that porous anodic alumina layers can be formed on the composites even when inert particles are present in the Al matrix. However, the detailed porous structure formed on the composites has not been well studied. It is therefore unclear whether the photocatalytic activity of Al-TiO 2 composite coatings will be maintained and/or improved by anodization treatments. In this study, the electrodeposited Al-TiO 2 composite coatings were anodized, and the effect of anodization on the photocatalytic activity of the coatings was investigated. Substrate Substrate 
EXPERIMENTAL

Electrodeposition
The electrolytic bath was prepared in an Ar-filled glove box equipped with a circulation system, where the electrodeposition of Al and Al-TiO 2 composite coatings was carried out. The electrolytic bath for the electrodeposition of Al was prepared by mixing DMSO 2 (Tokyo Chemical Industry) and anhydrous AlCl 3 grains (Fluka, crystallized, 99%) at a molar ratio of 10:2. DMSO 2 was used after drying for >24 h under reduced pressure at 60 °C. AlCl 3 was used as received and stored in a glove box. Anatase TiO 2 powder (Titan Kogyo, ST-11) was added to the DMSO 2 -AlCl 3 bath for the electrodeposition of Al-TiO 2 composite coatings. TiO 2 powder was used as received without any pretreatment. A copper plate and an aluminum plate were used as the substrate and counter electrodes, respectively. Part of the copper plate was covered with PTFE tape so that only a certain area (20 × 20 mm 2 ) was exposed. Electrodeposition was carried out galvanostatically at 60 mA cm -2 and 110 °C for 0.5 h. Prior to electrodeposition, the bath with the TiO 2 powder underwent sonication with a ultrasonic homogenizer (As-one, Sonicstar85) for >5 min. During electrodeposition, the bath was stirred with a magnetic stirrer and a stirrer-follower bar (20 mm × 5 mm) at 100 rpm. After electrodeposition, the Al and Al-TiO 2 coatings were taken out of the glove box and washed with distilled water.
Anodization and etching
The electrodeposited Al-TiO 2 coatings were anodized in a 0.3 M oxalic acid aqueous solution at 40 V and 30 °C using a Pt sheet as the counter electrode. Some of the anodized coatings were further chemically etched or pore-widening etched in 5 wt% aqueous phosphoric acid for 20 min. The Cu substrate was kept masked with PTFE tape to prevent the substrate from dissolving into the solution.
Characterization
Scanning electron microscopy (SEM; S-3500, Hitachi) in combination with energy-dispersive X-ray spectroscopy (EDX; INCAxact, Oxford Instruments) were used to observe the morphology and measure the elemental composition of the coatings. The volume fraction of TiO 2 in the Al-TiO 2 composite coatings was calculated from the value of the Ti/Al content ratio as determined by EDX on the basis of the densities of anatase TiO 2 and Al (3.9 and 2.7 g cm -3 , respectively). A field-emission scanning electron microscope (FE-SEM; Hitachi, SU6600) was used to obtain images of the TiO 2 powder and the coatings. For coating cross-section observation, electrodeposition was performed on a 100 nm thick Cu film sputtered on a glass substrate and, then, the cross-section was obtained by fracturing the glass substrate. The photocatalytic activity was evaluated through the photodegradation of methylene blue (MB) in aqueous solution. An Al-TiO 2 composite coating with an area of 20 × 20 mm 2 on the Cu substrate was placed in a 4 μM MB solution (3 mL) and irradiated with a UV lamp at a central wavelength of 365 nm (Optocode, FL 365-SD). The concentration of MB was determined from the optical absorbance of the solution at 664 nm as per Beer's law. The optical absorption spectrum of the solution was measured employing a spectrophotometer (Shimadzu, UV-2450).
RESULTS AND DISCUSSION
Electrodeposition of Al-TiO 2 composite coatings
Al-TiO 2 composite coatings were electrodeposited in a DMSO 2 -AlCl 3 bath with suspended TiO 2 powder. Figure 2 presents the SEM images of the TiO 2 powder used for electrodeposition, showing that the powder is composed of particles with a mean size of 0.65 ± 0.32 μm. The higher magnification image (Fig. 2b ) reveals that each particle is an aggregate of smaller, primary particles of ~20 nm, which is in agreement with the estimation from the peak width of XRD signals. The primary particles could not be separated into their dispersed form even when sonication was applied, resulting in white turbidity of the bath containing the TiO 2 powder. The particles seemed to retain their aggregate form in the bath. Galvanostatic electrodeposition at 60 mA cm -2 in the bath containing the TiO 2 powder yielded Al-TiO 2 composite coatings with gray appearance. Figure 3 presents the SEM images of a typical composite coating obtained in this study. The surface SEM image (Fig. 3a) shows that TiO 2 particles with 0.3-1 μm in size are uniformly dispersed across the surface of Al deposits, which are composed of faceted grains with 1-2 μm in size. The higher magnification image of the surface (Fig. 3b) reveals that the TiO 2 particles in the coating are aggregates of smaller particles. Thus, the morphology of the TiO 2 particles remains intact after they are added to the bath for electrodeposition (Fig. 2) . In the image, some TiO 2 particles appear half embedded in the Al grains, not just attached on their surface. The image of the fractured cross-section (Fig. 3c) reveals the formation of a composite coating with a thickness of ~40 μm. In the higher magnification image (Fig. 3d) 
Anodization of Al-TiO 2 composite coatings
The Al-TiO 2 composite coatings were anodized in oxalic acid at 40 V. Figure 4 presents SEM images of the surface of a composite coating (8 vol% TiO 2 ) after anodization. Comparison of the images before and after anodization (Fig. 3a and Fig. 4a ) reveals that the surface morphology of the coating at low magnification does not change significantly after anodization. The image at high magnification confirms the presence of TiO 2 particles embedded on the surface even after anodization and, more importantly, the image reveals the formation of many pores on the surface of the Al grains. The diameter and spacing of the pores are about 20 nm and 80 nm, respectively, which are comparable to the values reported for pores formed in highly pure Al sheets by anodization under the same conditions [41] . Figure 5 presents the SEM images of the fractured cross-sections of coatings after anodization. As can be seen in the low magnification image shown in Fig. 5a , an anodized layer with a thickness of ~7 μm was formed on the surface of the composite coating with 4 vol% TiO 2 after anodization for 30 min. The high magnification images (Figs. 5b-5d) show pores extending in the direction towards the substrate on the whole anodized layer. The presence of TiO 2 particles in the porous anodized layer can also be confirmed from these images. Figures 5c and 5d show the pore structures generated in the coatings with different TiO 2 contents for comparison. The pores in the coating with a low TiO 2 content (2 vol%) extend straight down towards the substrate (Fig. 5c ). This pore structure is similar to that typically observed in anodized layers formed on pure Al sheets under similar conditions [42] . In comparison, the pores observed in the composite with high TiO 2 content (8 vol%) are somewhat curved, because the TiO 2 particles interfere with the pore growth (Fig. 5d) . However, although the TiO 2 particles in the coatings interfere with pore growth, the images clearly show that the Al matrix can still be converted into a porous alumina layer and, therefore, a porous alumina layer with TiO 2 particles is formed.
After anodization, the coatings underwent chemical etching, the so-called pore-widening etching, in a 5 wt% H 3 PO 4 aqueous solution at room temperature for 20 min. It is known that alumina is etched at a rate of ~8 nm per hour under these conditions [43] . Therefore, the pore diameter should be increased after etching, while the porous structure of the anodized layer is retained as a whole. The effect of anodization on the photocatalytic activity of the coatings was examined by measuring the photodegradation rate of MB aqueous solutions [44] in contact with the as-deposited or anodized coatings. For comparison, the same measurements were carried out with an electrodeposited Al coating containing no TiO 2 particles. Figure 6 shows the variation in the MB concentration of the solutions in contact with coatings containing 0, 8, 17, and 32 vol% TiO 2 under UV irradiation. Before anodization, comparison of the degradation rates of MB for the coatings with different TiO 2 contents (closed squares) confirmed that the photodegradation rate of MB, i.e. the photocatalytic activity of the coating, tended to increase with the increasing TiO 2 content. Comparison of the data for the asdeposited (closed squares) and anodized (open circles) coatings revealed that the photocatalytic activity significantly increases after anodization for every composite coating with TiO 2 particles (Figs.  6b-d) . In contrast, only a small difference, within experimental error, was observed for the photodegradation rate of MB in contact with the Al coating without TiO 2 particles (Fig. 6a) . These results indicate that the photocatalytic activity of the composite coatings increased because the number of TiO 2 particles which can catalyze the reaction was increased by the formation of the porous structure.
Photocatalytic activity
CONCLUSIONS
Electrodeposition of Al in a DMSO 2 -AlCl 3 bath with suspended TiO 2 powder afforded Al matrix composite coatings containing uniformly dispersed TiO 2 particles. The composite coatings could be anodized in oxalic acid solution, and porous alumina layers containing different amounts of TiO 2 particles were successfully formed. The photocatalytic activity of the composite coatings was found to be enhanced by anodization treatment.
